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1 QUICKSORT (A,p,r)

2 if p<or

5 q = PARTITION(A,p, 1)
4 QUICKSORT(A,p,q—1)

5 QUICKSORT (A, q+1,1)

Lomuto’s Partition Scheme

| PARTITION(A ,p ,r)
2 x= A[r] //pivot

3 i =p-1

4 for j = p to r—1

5 if Aljl<= x

6 i=1i+1

7 exchange A[i] with A[j]
8 exchange A[i+1] with A[r]

9 return i + 1

14 815}7| = introsort : quicksort®} heapsort, insertionsort2 Al t} A&35H
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5.3 Hoare’s Partition VS Lomuto’s Partition

Lomuto’s Partition Scheme

I PARTITION(A ,p ,r)
2 x= A[r] //pivot

i = p—1
1 for j = p to r—1
5 if Aljl<= x
6 i=1i+1
7 exchange A[i] with A[j]
8 exchange A[i+1] with A[r]

9 return i + 1

Hoare’s partition scheme

| PARTITION(A ,p ,r)
2 x= A[r] //pivot

16



i=p
j=r
while TRUE
repeat
i=1iJ-1
until A[j] <= x
repeat
i=1+1
until A[i] >= x
if 1< j
exchange A[i] with A[j]

else return j
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719 6: Comparing Quicksort and Radix Sort by (a) instructions executed per
item sorted (b) time per item sorted, and (c) cache misses per item sorted.
This data is from a paper by LaMarca and Ladner [1996]. Due to such results,
new versions of Radix Sort have been invented that take memory hierarchy
into account, to regain its algorithmic advantages. Th e basic idea of cache
optimizations is to use all the data in a block repeatedly before it is replaced
on a miss.|[2]
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1% 8: 3-way-partitioning 25 1A [4]

void Quick3way(int a[], int lo, int hi)

{

if (hi <= lo)

return;
int It =lo, i = lo + 1, gt = hi;
int v =a[lo];
while (i <= gt)
{
if (a[i] < v)
{
std ::swap(a[lt], a[i]);
It ++, i++;
}
else if (af[i] > v)
{
std ::swap(a[gt], a[i]);
gt ——;
}
else //ali]==v
{
i+
}
}

Quick3way(a, lo, 1t — 1);

23



Quick3way(a, gt + 1, hi);

2.8 J. Bentley@} D. Mcllroy A|¢tet £0 w2 oJAlZ Eo|t}.

before

during

after

\

t

To hi
=V <V >V =V

| t t t |

lo j hi

t 1 t t
lo J hi

%

719 9: Fast 3-way partitioning 25 2] [4]

void quicksort (Item a[], int 1, int r)

{

int i =1-1, j=r, p=1-1, q=r; Item v = a[r];

if (r <= 1) return;

for

{

(58)

while (a[++i] < v) ;
while (v < a[——j])

if (j = 1) break;
if (i>=17j)
break ;
exch(ali], alj]);
if (af[i] = v)
{
p++;
exch(a[p], a[i]);
}
if (v.=aljl)
{

q——;

24



exch(al[j], alq]);

}

}

exch(a[i], afr]);

j=1i-1

i = i+1;

for (k =1; k < p; kt++, j—)
exch(a[k], alj]);

for (k =r—1; k > q; k—, i++)
exch(a[i], a[k]);

quicksort(a, 1, j);

quicksort(a, i, r);
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8.1 HOARE VS LOMUTO

314~ | Hoare’s partition | lomuto’s partition
139] 0.012 0.015
23] 0.029 0.031
33] 0.033 0.036
43] 0.02 0.021
53] 0.031 0.036
63] 0.009 0.012
73] 0.021 0.023
83] 0.031 0.034
93] 0.017 0.018
103] 0.019 0.02

F 1: n = 10000000 #HE £9F partition 4~3§H] 1L

314> | Hoare’s quick sort | lomuto’s quick sort
13] 0.719 0.759
23] 0.704 0.77
33] 0.712 0.764
43| 0.69 0.761
53] 0.698 0.758
63] 0.696 0.759
73] 0.696 0.769
83] 0.692 0.761
93] 0.697 0.765
1035] 0.695 0.755

F 2: n = 10000000 ;Y £4F quicksort $=3H| !

obA A E gi Aol AZMEH L= T2 A partitiono] AA| Z}o] 7} Ajbj

7 URIgkk

8.2 /A A% HAE
e PARALLELIZATION
e insertion sort 4}<]

e 3way partition
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314~ | Hoare’s quick sort | lomuto’s quick sort
19] 0.025 0.044
29] 0.013 0.04
3] 0.013 0.038
43] 0.014 0.041
59 0.014 0.042
62] 0.013 0.044
72 0.015 0.044
82] 0.014 0.041
99 0.014 0.041
102] 0.016 0.042

30 = 10000 9L &4

314~ | Hoare’s quick sort | lomuto’s quick sort
19] 0.023 0.035
29] 0.015 0.032
39] 0.019 0.037
43] 0.017 0.033
59] 0.012 0.031
62] 0.015 0.036
79] 0.016 0.036
82] 0.014 0.035
93] 0.015 0.034
105] 0.02 0.036

H# 4:n = 10000 FEH &4

insertion sort®} PARALLELIZATION Q] tE] A B&ofA lomuto’s partition&

A8t
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Sl

PARALLELIZATION quick sort

quick sort + insertion sort(nj=10)

T

13] 0.511 0.717
23] 0.605 0.714
33] 0.541 0.715
43] 0.456 0.711
53] 0.727 0.715
63] 0.771 0.719
73] 0.744 0.705
33 0.643 0.711
93] 0.649 0.715
103] 0.721 0.712

E 5:n = 10000000 SAH3F o]

[e=]
=

i

314> | lumoto’s quick sort | Dijkstra’s
13] 0.778 0.772
23] 0.774 0.778
33 0.759 0.777
473] 0.774 0.77
53] 0.761 0.766
63] 0.773 0.778
73] 0.772 0.782
83| 0.767 0.774
93] 0.777 0.784
103] 0.767 0.781
E 6: n = 10000000 HAHT v]FE 9lo] £
314 | lumoto’s quick sort | Dijkstra’s
13] 0.41 0.033
23] 0.39 0.038
33| 0.366 0.032
473] 0.367 0.03
53] 0.36 0.032
63] 0.357 0.032
73] 0.361 0.031
83| 0.358 0.032
93] 0.356 0.031
103] 0.365 0.032

HE 7: n = 10000000 0 ~ 1000 HE o] FExXTISH Ay =<

29




8.3

Sl | Dijkstra’s | J. Bentley D. Mcllroy
135] 0.036 0.032
23] 0.037 0.034
33| 0.036 0.031
479] 0.038 0.036
53] 0.04 0.035
63] 0.036 0.034
73] 0.043 0.031
83| 0.036 0.033
93] 0.038 0.036
103] 0.036 0.031

E 8 n = 10000000 0 ~ 1000 H|o] FE T35 A

std::sort A5 H|AE VS J. Bentley D. Mcllroy

M

std::sort= J. Bentley D. Mcllroy®] 3 way partitioni} £=3§A|7}Fo]

AFstet. 3 way partition®]] inertion sortE A}

e RESREE RS2

QA

[e=]
=

g

5 &

ol @HE wZo] A

sl | HleE Ao =4 | 0~ 1000 o] T 2obet e o | Egho] 0
13] 0.964 0.38 0.007
23] 0.927 0.374 0.007
39] 0.959 0.373 0.007
43] 0.95 0.386 0.006
53] 0.946 0.381 0.006
63] 0.947 0.383 0.006
73] 0.947 0.392 0.006
83] 0.929 0.383 0.006
93] 0.932 0.385 0.006
103] 0.957 0.383 0.007

I 9: n = 10000000 std::sorte] A% FHA
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sl | HleE dof =4 | 0~ 1000 o] FEo 2oet e o | BEgko] 0
15] 0.985 0.337 0.008
23] 1.011 0.332 0.008
39] 0.979 0.338 0.008
43] 0.956 0.336 0.008
53] 1.019 0.338 0.007
63] 0.974 0.333 0.007
75] 0.979 0.341 0.008
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|6 Comparing Quicksort and Radix Sort by (a) instructions executed

per item sorted (b) time per item sorted, and (c) cache misses per

item sorted. This data is from a paper by LaMarca and Ladner

mvented that take memory hierarchy into account, to regain its

algorithmic advantages. Th e basic idea of cache optimizations is
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